Introduction
[2] Variations through time in the atmospheric concentration of greenhouse gasses such as CO 2 have been linked to changes in Earth's climate, including fluctuations in air temperature and deep ocean temperature [Shackleton, 2000] . Preindustrial atmospheric CO 2 concentrations averaged 280 ppm, whereas levels ranging from 180 -200 ppm characterized peak glacial periods [Petit et al., 1999] . While it has been established that these changes in the carbon cycle are closely linked to glacial-interglacial cycles, a set of mechanisms to explain this link has yet to be conclusively established [Archer et al., 2000; Sigman and Boyle, 2000; Peacock et al., 2006] . Consequently, the paleoceanographic community continues to develop and test new hypotheses relating variability in the CO 2 content of the atmosphere to climatic change.
[3] The Silicic Acid Leakage Hypothesis (SALH) Matsumoto et al., 2002] suggests that a reorganization of the ocean silicon cycle could have accounted for a large portion of glacial-interglacial atmospheric CO 2 variability. According to the SALH, during glacial periods a larger fraction (compared to interglacials) of the dissolved silicic acid that upwells in the Southern Ocean (SO) went unconsumed by diatoms. Unused Si was incorporated into Subantarctic Mode Water (SAMW) and transported via the thermocline to equatorial upwelling regions where it enhanced diatom productivity, thereby lowering CaCO 3 :C org rain ratio. The resulting rise in ocean alkalinity (specifically, the ratio of alkalinity to dissolved inorganic carbon, which determines the concentration of CO 3 2À ) due to CaCO 3 compensation is ultimately responsible for the CO 2 drawdown under this scenario.
[4] Here we describe the underlying mechanisms of the SALH, and present results from equatorial Atlantic sediments to test the prediction of the SALH that equatorial opal burial rates during glacial periods should exceed those of interglacial periods. The results from Atlantic sediments support the SALH in this regard. However, previous results from the equatorial Pacific showed opposite trends, with most sample sites showing lower opal burial during peak glacial times compared to Holocene values [Bradtmiller et al., 2006; Kienast et al., 2006b ]. We explore a number of possible explanations for this behavior; for example, it is possible that El Niño -like conditions in the glacial equatorial Pacific suppressed upwelling to a great enough extent that upwelling of Southern Ocean -derived Si was insufficient to increase productivity. Alternatively, the difference between the Atlantic and Pacific could be explained if the sources of thermocline waters to each basin were different enough to produce essentially opposite trends in opal burial between glacial and interglacial conditions.
Background
[5] Atmospheric CO 2 is sensitive to changes in the rates of production and export to the deep sea of CaCO 3 and of organic carbon. These are in turn sensitive to the availability of dissolved Si, which determines the ability of coccolithophorids (CaCO 3 producers) to compete with diatoms (which require Si) for other nutrients such as nitrate and phosphate. The SALH ties changes in atmospheric CO 2 with changes in the ocean silicon cycle, as a reduction in the CaCO 3 :C org rain ratio combined with CaCO 3 compensation has the potential to increase the carbonate ion concentration in seawater and thereby draw CO 2 from the atmosphere into the ocean . The following paragraph provides a brief description of CaCO 3 compensation, the impact of Si cycling on SO and equatorial ecosystems and the SALH. A more detailed description can be found in a number of previous studies Matsumoto et al., 2002; Bradtmiller et al., 2006; Kienast et al., 2006b] .
[6] Alkalinity is supplied to the ocean from continental weathering and removed through burial of CaCO 3 on the seafloor. At steady state these two fluxes are equal, and any perturbation of either flux leads to an adjustment in the carbonate ion concentration of seawater and, hence, the fraction of organism-produced CaCO 3 that is preserved and buried, so as to restore the balance [Broecker and Peng, 1987] . This reestablishment of equilibrium occurs on timescales of a few thousand years [Archer et al., 2000] . The SALH is based on the idea that if alkalinity supply were constant and CaCO 3 production by organisms decreased during glacial periods, then the average [CO 3 2À ] concentration of seawater would rise, deepening the CaCO 3 saturation horizon, thereby allowing a larger fraction of CaCO 3 produced by open ocean plankton to be preserved and buried in deep sea sediments. The [CO 3 2À ] concentration would increase enough to restore the system to balance with respect to supply and removal of alkalinity. In addition, increased [CO 3 2À ] would drive the following equilibrium reaction to the right, lowering [CO 2(aq) ]: CO 2(aq) + H 2 O + CO 3 2À () 2HCO 3 À . The change in [CO 2(aq) ] would then be communicated to the atmosphere through surface exchange processes. Box models of the SALH scenario predict that these processes could have lowered CO 2 by 50 ppm, a substantial fraction of the 80-100 ppm of observed glacial-interglacial change .
[7] To cause the aforementioned decrease in glacial CaCO 3 production, the SALH relies on a change in the ocean Si cycle. Water upwelling in the modern tropical oceans has a distinct low-silicic acid, high-nitrate signature, which can be traced back to the water's source in the Southern Ocean Matsumoto et al., 2002] , where the following processes shape the Si/N ratio of nutrients introduced into mode waters. Upper Circumpolar Deep Water upwells south of the Antarctic Polar Front (APF) with dissolved Si:N molar ratios between 2:1 to 3:1 . This nutrient-rich water is brought to the surface and advected northward as Antarctic Surface Water (AASW), where iron-limited SO diatoms utilize the nutrients. Iron limitation is of consequence because it increases the relative uptake rate of Si and N by diatoms to (4:1) [Franck et al., 2000; Pondaven et al., 2000] compared to the value of 1:1 under nutrient-replete conditions [Brzezinski, 1985] . This relatively greater depletion of silicic acid combined with preferential regeneration of N (relative to Si) from sinking organic debris [Nelson et al., 2002] results in the export of surface waters to the Subantarctic zone with low concentrations of Si relative to N [Sarmiento et al., 2004] . North of the APF these Si-depleted surface waters mix with deeper waters to form Sub-Antarctic Mode Water (SAMW) (Pacific basin) or South Atlantic Central Water (SACW) (Atlantic basin), which sink and fill the thermocline of the southern hemisphere oceans, eventually upwelling at the equator [Toggweiler et al., 1991; Sigman et al., 1999; Stramma and England, 1999; Brzezinski et al., 2002] . These mixtures feeding the thermocline have dissolved Si:N ratios of about 1:2 [Sarmiento et al., 2004] . Waters upwelled in the equatorial Pacific and Atlantic Oceans have different source regions within the Southern Ocean. Southern source water in the equatorial Pacific primarily originates from the Pacific sector of the SO, while waters upwelling in the equatorial Atlantic derive primarily from the Indian sector [Stramma and Schott, 1999] .
[8] While diatoms require nitrate and phosphate like all phytoplankton, they are unique in that they require Si to build their frustules. Therefore in the presence of sufficient Si, diatoms are able to better compete with other taxa for the commonly required nutrients. That diatoms can actually outcompete these other taxa has been shown in both open ocean and culture studies. In the Amazon plume area, dissolved Si concentrations are as high as 13 mM, and in this area diatoms account for 29% of primary productivity, compared with 3% at open ocean Western Equatorial Atlantic (WEA) stations where concentrations of Si are as low as 0.2 mM [Shipe et al., 2006] . This supports the work of Dugdale and Wilkerson [2001] , which showed in a culture study that diatoms can outcompete other phytoplankton for nitrate as long as there is enough available silicic acid. Therefore if SO-derived water upwelled at the equator during glacial periods containing significantly more dissolved Si (and/or a higher Si:N ratio) than today, then diatoms would have been at a competitive advantage over other taxa for nutrients such as nitrate. This should have two effects discernable in the sediment record: first, to increase the total flux of biogenic opal, and second, to increase the fraction of opal burial relative to CaCO 3 at that time.
[9] Two mechanisms have been suggested to support greater Si export from the SO during glacial periods, and one can think of these as two variants on the basic SALH. The first relies on decreased Si uptake by SO diatoms, leaving more Si to be subducted in intermediate and mode waters. Because iron-stressed diatoms use Si:N at 4 times the rate as those with sufficient iron [Franck et al., 2000] , Brzezinski et al. [2002] suggested that iron fertilization during glacial periods could have increased silicic acid availability in the SO relative to the Holocene, while simultaneously depleting the SO of nitrate. This is supported by stable isotope analyses of N and Si in SO sediments. Robinson et al. [2005] Si measured on diatom shells south of the APF, which show a 0.5% increase from the LGM to the Holocene, equivalent to 40% Si utilization during the LGM and 90% during the Holocene [De La Rocha et al., 1998 ]. Results from these two studies support the idea that N was relatively depleted and Si relatively abundant in the glacial Southern Ocean.
[10] An alternative explanation calls for an increase in glacial sea ice cover, limiting diatom productivity and thereby Si uptake south of the APF [Charles et al., 1991; Chase et al., 2003] . Chase et al. [2003] observed a strong correlation between the number of ice-free days at a site and opal accumulation in the sediments below that site. Coupled with evidence for greater sea ice cover during glacial periods [Cooke and Hays, 1982; Crosta et al., 1998; Gersonde et al., 2005] and reduced opal burial south of the APF during the LGM (see below), this observation makes a strong argument that increased sea ice cover could have been primarily responsible for reduced Si utilization in SO surface waters, making Si available to be transported north of the APF and subducted in SAMW [Chase et al., 2003] .
[11] Under either scenario above, it still cannot be assumed that any excess dissolved Si that went unused south of the APF (excess Si) made it into the thermocline within mode water. If excess Si were simply transported north across the APF and consumed in Subantarctic surface waters, then the impact on the tropics (and therefore CO 2 ) would have been minimal. Therefore the most direct strategy to test the SALH is to reconstruct changes in opal burial in both regions expected to be affected by the hypothesis: the equatorial and Southern Oceans. Previous studies of opal burial patterns related to the SALH have looked for two features in the sedimentary record essential to the hypothesis. The first is that total SO opal burial decreased during glacial periods. While some redistribution of opal burial (both E-W and N-S) within the SO is expected, a net loss of Si during glacial periods is necessary to support the premise of the hypothesis. Therefore averaged over the SO, lower opal burial rates during glacial periods are expected. The second expected feature is a glacial increase in opal burial in the equatorial oceans. This is expected to be particularly strong in areas of high upwelling such as the equatorial divergence region of each basin, as well as the eastern boundary upwelling zones near the South American and African continents.
[12] Southern Ocean opal records support the SALH in that they show less total SO opal burial during the last glacial period than in the Holocene. The pattern of spatial and temporal changes is not straightforward, however. Within the Atlantic and Indian sectors, opal burial south of the APF during the LGM was less than during the Holocene, but this was offset by increased opal burial north of the APF, resulting in no detectable net change through time in either sector [Kumar et al., 1995; Francois et al., 1997; Frank et al., 2000; Chase et al., 2003] . In the Pacific sector, however, whereas opal burial south of the APF decreased during the glacial, and burial north of the APF increased, the increase north of the APF appears to have been insufficient to offset the decrease south of the APF, resulting in a net glacial decrease in opal burial [Chase et al., 2003] . On the basis of the similar glacial and Holocene rates of opal burial in the Atlantic and Indian sectors, we assume that the upwelling supply of Si remained essentially unchanged. We can then surmise that the reduction in Pacific sector SO opal burial during the last glacial period allows for excess Si to have been transported out of the SO into the thermocline, and eventually the low latitudes.
[13] In their discussion of the SALH, Sarmiento et al. [2004] suggested that the greatest increased in equatorial opal burial should be in the Eastern Equatorial Pacific (EEP), as this is where the strongest signal of SO waters is found today [Toggweiler et al., 1991] . Two studies have specifically tested the SALH in this area using downcore opal burial records [Bradtmiller et al., 2006; Kienast et al., 2006b] . Neither found opal burial during the glacial maximum to have been greater than during the Holocene, although Kienast et al. [2006b] reported a large opal deposition event between 40-60 ka BP (where a is years), and Bradtmiller et al. [2006] reported an opal pulse between 10 ka and 15 ka BP, concordant with the deglaciation. While these results do not support the SALH, they do not rule it out, either: They raise interesting questions about where else excess Si might have been transported, and related questions about how glacial circulation might have differed from today. They are also consistent with studies that suggest that the glacial equatorial Pacific was in an extended El Niño-like state with a depressed thermocline in the eastern part of the basin, which could have suppressed nutrient availability and productivity irrespective of the nutrient content of subsurface waters [Beaufort et al., 2001; Koutavas et al., 2002; Bradtmiller et al., 2006] . This study continues testing the SALH by examining equatorial Atlantic sediment records for evidence that glacial rates of opal deposition were greater than during the Holocene.
Study Area and Methods
[14] Cores studied here are from sites within the region from 11°W to 37°W and from 2°N to 3°S (Table 1 and Figure 1 ). Modern primary production decreases from east to west across the study area, with maximum productivity in the east corresponding to the zone of equatorial divergence and upwelling (Figure 1b) . Cores RC24-07, RC24-12 and RC13-189 are from sites on the flanks of small ridges, and RC13-189 represents the shallowest core (3233 m). Cores RC16-66, RC24-01, V22-182 and V30-40 are from sites underlying the Equatorial Undercurrent (EUC). RC13-189 is in the path of the northern branch of the South Equatorial Current (SEC). RC24-07 and RC24-12 are from sites underlying the equatorial branch of the SEC, close to the area of its departure from the EUC [Stramma and England, 1999] . [Anderson and Fleer, 1982; Fleisher and Anderson, 2003] . Percent biogenic opal was measured by alkaline extraction after Mortlock and Froelich [1989] . Carbonate was measured by coulometry on a UIC CM5130 Acidification Module. Lithogenic (detrital) fluxes were calculated assuming a detrital source for all 232 Th, and an average 232 Th content of 10 ppm except for RC16-66 (15 ppm) and RC13-189 (12.5 ppm) [Vital and Stattegger, 2000] .
[16] Opal, carbonate and detrital fluxes were evaluated by normalizing to 230 Th to correct for lateral redistribution of sediments by deep sea currents [Bacon, 1984; Francois et al., 2004] . Thorium normalization works on the assumption that the flux of particulate 230 Th sinking to the ocean floor is approximately equal to its known rate of production from 234 U decay in the water column because the residence time of 230 Th in the water column is relatively short (on the order of a few decades) [Anderson et al., 1983b] compared to the timescale for lateral mixing in deep ocean basins [Anderson et al., 1990] . Where burial rates of 230 Th are found to exceed its production in the water column, this is generally attributed to the lateral redistribution of sediments by deep sea currents. The 230 Th normalization method has been supported by findings from both modeling [Henderson et al., 1999] and sediment trap studies [Scholten et al., 2001; Yu et al., 2001; Scholten et al., 2005] .
[17] Setting the vertical flux of 230 Th equal to its known production rate, fluxes of preserved material can be
where F is the flux of a sedimentary constituent of interest, C is the concentration of that constituent in bulk sediment, b Â z is equal to the production rate of 230 Th in the water column (z is the depth of the water column (cm) and b = 2.63 Â 10 À5 dpm cm À3 ka
À1
), and xs 230 Th 0 is equal to the decay-corrected concentration of Th in the sample (dpm/g) in excess of that supported by its parent, 234 U.
Th, 231 Pa is produced by radioactive decay of dissolved uranium ( 235 U), and it is removed from seawater by scavenging to particles. Protactinium has a longer residence time than thorium, however [Anderson et al., 1983a [Anderson et al., , 1983b , so it can be transported over basin-scale distances before being removed. Therefore Pa tends to be removed in areas of higher scavenging, or areas with higher particle flux [Taguchi et al., 1989; Lao et al., 1992 Lao et al., , 1993 , and the 231 Pa/ 230 Th ratio on particles and in sediments tends to increase with increasing particle flux. Protactinium also has a particular affinity for sorption to opal over other particle compositions [Anderson et al., 1983a] , and it seems that sedimentary 231 Pa/ 230 Th ratios in open ocean regions with low fluxes of particulate lithogenic material are primarily dictated by the opal/CaCO 3 ratio of the particulate matter, with total particle flux being a secondary contributor [Chase et al., 2002] Th production ratio of 0.093 add information about past changes in diatom productivity, especially where diatoms are competing with coccolithophorids. /ka). In cores RC24-07 and RC24-01, glacial values ($0.10 g/cm 2 /ka) are much closer to peak opal fluxes (0.12 -0.14 g/cm 2 /ka) of the early deglaciation, and therefore the peak values represent only a small increase in flux from glacial values.
Results
[20] In the two cores west of 25°W, RC13-189 and RC16-66, the peak in opal flux (0.076 and 0.082 g/cm 2 /ka, respectively) occurs between 20 and 23 ka, earlier than in the five cores mentioned above. Opal fluxes in these records decline steadily into the Holocene, with the exception of a slight increase centered at 15 ka in core RC16-66. Minimum opal fluxes in these cores (0.005 -0.03 g/cm 2 /ka) occur during the mid to late Holocene.
[21] Spatial and temporal patterns of 231 Pa/ 230 Th ratios are not as similar among cores as are the patterns of opal flux, and are therefore not as easy to categorize. Core RC24-12 shows its highest ratios (0.063) at 25 ka and the ratio decreases into the Holocene with the exception of brief increases near 15 ka, 11 ka, and 4 ka. Ratios in RC24-07 remain constant near 0.070 from 25 -15 ka, and then decrease into the Holocene with a brief increase near 10 ka. The profile in RC24-01 is similar to that in RC24-07, but a peak (0.063) near 15 ka is more distinct in RC24-01 because of slightly lower values between 20 and 17 ka. Glacial values in core V22-182 are near 0.055, while the greatest values occur at 15 ka (0.065), with values declining steadily into the Holocene. The lowest 231 Pa/ 230 Th ratios in V30-40 occur near 25 ka (0.037), increasing steadily to a maximum near 14 ka (0.066), and declining again into the Holocene (0.043). The profile of 231 Pa/ 230 Th ratios in RC13-189 follows a pattern similar to that in V30-40, but with higher glacial and peak values (0.066, 0.076), and higher Holocene values (0.050 -0.060). Ratios in RC16-66 are steady through the LGM (0.063) until rising to a peak at 15 ka (0.081), and then declining into the Holocene.
[22] Glacial detrital fluxes in all cores exceed Holocene fluxes, and detrital fluxes decrease from west to east (Figure 3a) . The difference between glacial and Holocene fluxes is greatest in westernmost cores, and also decreases toward the east. [24] Before employing opal flux as a paleoproductivity proxy, it is important to establish that preserved opal is in fact reflecting diatom productivity in the water column above, rather than patterns of dissolution. Prior work on this topic using sediment traps and core tops in the tropical PA4216 BRADTMILLER ET AL.: EQUATORIAL ATLANTIC OPAL BURIAL Atlantic Ocean indicates that less that 1% of the original opal flux becomes preserved in the sediment record [Treppke et al., 1996; Abrantes, 2000] . While most opal dissolution occurs in the upper 1000 m of the water column [Treppke et al., 1996] , there is also significant dissolution at the sediment-water interface, and only 0.05-3% of opal reaching deep sediment traps eventually gets preserved [Abrantes, 2000] . Despite this, Treppke et al. [1996] found that the spatial pattern of preserved opal fluxes reflects the overlying productivity conditions in the eastern equatorial Atlantic Ocean.
[25] Fortunately, another means exists by which to verify that preserved opal fluxes are reflecting production and not dissolution. As discussed in section 3, 231 Pa adsorbs preferentially to opal particles [Anderson et al., 1983a] , while the greater particle reactivity of 230 Th makes it less selective with respect to particle composition. Therefore sedimentary 231 Pa/ 230 Th ratios in areas of low lithogenic flux are predominantly dictated by the opal/CaCO 3 ratio of the particulate matter, with total particle flux being a secondary contributor [Chase et al., 2002] . Here we have compared downcore 231 Pa/ 230 Th and opal flux records to help determine whether opal flux primarily reflects production or dissolution.
[26] Of the seven cores examined here, five show strong positive correlations between opal flux and 231 Pa/ 230 Th ( Figure 2 ). This is as expected if variability in the preserved opal flux is caused by variations in diatom productivity. Table 1 for locations). Cores are arranged east (top left) to west (bottom right). Opal fluxes are estimated using the 230 Th normalization procedure (see text Th ratios are regressed against each other within each core, each of the above cores has an R 2 value above 0.62, with some much higher (RC24-07 = 0.92; RC24-01 = 0.95). The good agreement between these two variables is interpreted as an indication that opal fluxes in these five [Thomas et al., 2006] .
[28] Core RC24-12 is within 4°latitude and 2°longitude of RC24-07 and RC24-01, which show very similar opal (and 231 Pa/ 230 Th) records to each other. The 0 -15 ka portion of the RC24-12 opal record also strongly resembles those from RC24-07 and RC24-01, with major differences earlier in the record. These two cores contain more detrital material than RC24-12, and all three cores show glacialHolocene changes in detrital flux (Figure 3a) of the same magnitude, making changes in detrital flux an unlikely cause for the dissimilar patterns of 231 Pa/ 230 Th and opal flux in RC24-12. Given their proximity to one another, it also seems unlikely that dissolution would bias one opal record and not the other two cores. The proximity of these three cores also argues against differences in bottom water 231 Pa/ 230 Th ratios as the cause of the difference between RC24-12 and the others. The answer may lie in the fact that while RC24-12 has the lowest opal flux of these three cores, it also has the greatest CaCO 3 flux ( Figure 3b ). As CaCO 3 preferentially adsorbs 230 Th [Chase et al., 2002] , it is a secondary factor to opal content in determining the 231 Th records to be somewhat anticorrelated under low opal flux conditions, which is the case in RC24-12 (Figures 2 and 3b) .
[29] Core RC13-189 shows a similar pattern of opal burial to RC16-66, and while RC16-66 shows better downcore correlation between opal flux and 231 Pa/ 230 Th ratios, both cores show some level of discrepancy between the two proxies during the glacial period. These two cores receive the most detrital material of any of the cores studied (Figure 3a) , and exhibit larger magnitude glacial-Holocene changes in detrital flux than the other cores. It has been suggested that high detrital fluxes may decouple 231 Pa/ 230 Th ratios and opal fluxes in the low-productivity western equatorial Pacific [Bradtmiller et al., 2006] , and RC13-189 (and RC16-66 to a lesser extent) may be an example of the same effect in the Atlantic. However, we cannot rule out changes in bottom water [30] Despite the decoupled 231 Pa/ 230 Th and opal flux records during the glacial sections of cores RC13-189 and RC24-12, the strong correlations between these variables in the other five cores suggest that, for the most part, the reconstructed opal fluxes in this study reflect diatom productivity rather than some alternate process. This allows us to use these downcore opal flux records as a proxy for diatom productivity through time.
Comparison With Previous Paleoproductivity Studies
[31] Given that our opal flux records seem for the most part to reflect diatom productivity, it is worthwhile to compare these results to those of other paleoproductivity studies. In the eastern equatorial Atlantic, our results are consistent with many other studies that have reported increased productivity during the glacial period. Using foraminiferal transfer functions, Mix [1989] reconstructed glacial-modern differences in overall productivity (gC/m 2 /a), concluding that while the maximum rates of production were not greater during the glacial, the area of maximum productivity was greatly enhanced, leading to increased overall productivity in the eastern part of the equatorial upwelling system. Verardo and McIntyre [1994] studied four of the cores used here (RC24-01, RC24-07, and RC24-12 in the east, and RC16-66 in the west), measuring opal, organic carbon, and CaCO 3 percent abundances and mass accumulation rates (MAR). They reported greater opal MAR during glacial periods in RC24-01, RC24-07, and RC16-66, and approximately equal rates of opal burial during glacial and Holocene periods in RC24-12, consistent with our findings. Organic carbon accumulation rates generally follow those of opal, showing higher carbon accumulation during the last glacial period than the Holocene [Verardo and McIntyre, 1994; Wagner, 2000; Mollenhauer et al., 2004] . Following a study of eastern Atlantic cores, Abrantes [2000] concluded that not only were glacial diatom accumulation rates greater than those during the Holocene, but that an upwelling-related genus (Chaetoceros) was more abundant during glacial times as well. This is consistent with work utilizing the deep dwelling coccolithophore Florisphaera profunda as a proxy for nutricline depth [Molfino and McIntyre, 1990; McIntyre and Molfino, 1996] and primary productivity [Beaufort et al., 1997] . Their work and additional studies using the F. Profunda proxy in the eastern equatorial Atlantic Ocean show a pattern of nutricline depth/productivity similar to what is seen in this study, in that the glacial nutricline was shallower, and that productivity exceeded that of the Holocene [Molfino and McIntyre, 1990; McIntyre and Molfino, 1996; Henriksson, 2000] . These data are all consistent with work suggesting that trade winds were strengthened during glacial periods [CLIMAP, 1976; Kienast et al., 2006a] , accounting for increased upwelling-driven productivity.
[32] Much of the literature regarding the western part of the basin is focused on cores within the North Equatorial Countercurrent (NECC) or farther north along the Brazilian coast, more directly in the path of the Amazon River plume than any of the cores from this study. It is not surprising then that there are fewer similarities between our results and those from prior studies in the west than there are in the east. Because the Amazon plume contains both organic matter and dissolved Si, cores within this area tend to have high organic carbon accumulation rates, although these tend to be strongly influenced by changes in weathering on the continent and by the spatial distribution of plume water by surface currents. The two westernmost cores in this study, RC16-66 and RC13-189, both show increased opal flux during the glacial period, decreasing into the Holocene. This is in contrast to findings by Vink et al. [2001] and Ruhlemann et al. [1996] , whose studies of cores in the NECC show lower productivity during glacial periods than during interglacials. However, the cores studied by those groups are farther north (5°N) and west (40°-45°W) than the cores studied here (see Figure 1) . In addition, paleoproductivity estimates from those studies were based on coccolithophorids, while ours are based on diatoms (opal). Since diatoms and coccolithophorids are competing against one another for nutrients, it might be expected that records based on coccolithophorids would be anticorrelated to those based on diatoms.
[33] The aforementioned authors [Ruhlemann et al., 1996 Vink et al., 2001] suggested that strengthening trade winds during glacial periods deepened the thermocline in the west while shoaling it in the east, leading to an out of phase relationship between eastern and western Atlantic productivity. While our data, showing greater glacial diatom productivity in both eastern and western equatorial Atlantic cores, are not consistent with that suggestion, they are consistent with increased wind-driven upwelling and a shallower thermocline/nutricline throughout the equatorial Atlantic during glacial periods.
[34] The results from our study show greater opal fluxes during the glacial as compared to the Holocene in each of the cores studied. This is consistent with many other paleoproductivity studies in the eastern equatorial Atlantic, which show increased productivity on the basis of a number of different proxies. In addition, our results are consistent with evidence in the eastern part of the basin for a shallower glacial nutricline, and greater wind-driven upwelling during the glacial period. Our results in the western equatorial Atlantic are not consistent with prior paleoproductivity studies, which show decreased productivity during the glacial period. However, as our estimates derive from diatom productivity and the other western studies use coccolithophorids (a competing group), this discrepancy is not unexpected. Th ratios and opal flux) in addition to downcore correlations [Bradtmiller et al., 2006] . It is not necessarily surprising that the Atlantic and Pacific basins behave differently with respect to 231 Pa/ 230 Th ratios given the different dominant processes in each, but it is worth a brief examination of the factors that have the potential to decouple 231 Pa/ 230 Th ratios and opal fluxes spatially in the equatorial Atlantic Ocean.
Spatial Patterns of Opal
[36] The short residence time of deep waters in the Atlantic Ocean [Broecker et al., 1988] [Yu et al., 1996; Marchal et al., 2000; Siddall et al., 2006] . Since 231 Pa has a longer residence time than 230 Th, 231 Pa remains available for export from an area after all 230 Th has been scavenged by particles. Therefore the southward advection of dissolved 231 Pa in newly formed North Atlantic Deep Water (NADW) competes with the removal of 231 Pa from the water column to the sediments in high-productivity areas [Yu et al., 1996] . This is consistent with our data, in that we do not see a strong correlation between high-productivity areas and high 231 Pa/ 230 Th ratios, which implies that advection may be at least part of the reason for spatially decoupled 231 Pa/ 230 Th ratios and opal fluxes. Th ratios. However, this requires such a pattern to stay relatively constant through time in order to also be consistent with the good downcore correlations between the two proxies in each individual core. Another possibility is that spatial variability of dissolved 231 Th ratios and opal fluxes do not appear to be correlated, in contrast to their downcore counterparts. While this is consistent with the advection of 231 Pa away from high-productivity sites, it is not the only interpretation of the data, and simply remains one of several possible explanations. Spatial variations in the preservation of opal and equilibrium exchange with bottom water are also possible explanations for the lack of correlation between these two proxies. However, without a reliable proxy for diatom dissolution or a larger data set of dissolved radionuclides in the ocean, it is not possible to further assess the relative merits of these possibilities at this time.
Implications for the SALH
[39] The SALH predicts that opal burial rates in the equatorial oceans should be greater during the glacial period PA4216 BRADTMILLER ET AL.: EQUATORIAL ATLANTIC OPAL BURIAL than during the Holocene. Our data in the Atlantic Ocean are consistent with this aspect of the hypothesis, as glacial opal fluxes in all cores exceed Holocene fluxes. The SALH also predicts that the result of Si-fertilized diatom growth in the glacial equatorial oceans would be to inhibit the growth of coccolithophorids, therefore decreasing the formation of CaCO 3 shells in the surface ocean. In the SALH, this change in CaCO 3 formation leads to a change in atmospheric CO 2 through CaCO 3 compensation. Given that opal flux data supports the SALH, a logical second question is whether coccolithophorid production was affected enough to significantly reduce atmospheric CO 2 .
[40] Using records of CaCO 3 accumulation to reconstruct coccolithophorid production in the surface ocean is difficult because of spatial and temporal changes in CaCO 3 dissolution [Berger, 1971; Broecker, 1971; Berger and Winterer, 1974; Broecker and Broecker, 1974; Berger, 1977; Wu and Berger, 1989] , and because a large fraction of sedimentary CaCO 3 consists of foraminifera rather than coccoliths. Calcium carbonate dissolution depends ultimately on the depth of the lysocline, which is in turn affected by changes in the ocean's carbon chemistry, as well as changes in circulation. Reconstructing glacial-interglacial changes in CaCO 3 production is particularly difficult here, since the Atlantic lysocline shoaled during the glacial period (dissolving more CaCO 3 ), in large part because bottom waters under the equator contained more corrosive Southern Ocean source water (also enhancing dissolution) [Oppo and Horowitz, 2000; Marchitto et al., 2002; Curry and Oppo, 2005; Marchitto and Broecker, 2006] . Since the SALH predicts decreased CaCO 3 burial during glacial periods, it is important not to mistake increased dissolution at that time for decreased production. Because of this problem, many studies of coccolithophorids use variations in the abundance of different species to complement records of percent carbonate, or carbonate mass accumulation rates.
[41] Results from studies of CaCO 3 fluxes in the eastern equatorial Atlantic do not all show similar trends. While some records show slightly higher CaCO 3 accumulation rates during the LGM than during the Holocene [Kinkel et al., 2000] , others show lower glacial CaCO 3 accumulation rates [Verardo and McIntyre, 1994] , and still others show lower CaCO 3 accumulation rates but higher coccolith-based estimates of primary productivity [Henriksson, 2000] . Western Atlantic data are easier to interpret, since most studies show lower glacial CaCO 3 accumulation rates [Verardo and McIntyre, 1994; Ruhlemann et al., 1996; Kinkel et al., 2000] or productivity [Ruhlemann et al., 1996] . Carbonate fluxes from this study (Figure 3b ) reflect the discrepancies found in the literature. The three easternmost cores (RC24-12, RC24-07, and RC24-01) all show lower glacial CaCO 3 fluxes than in the Holocene, whereas the two central cores (V22-182 and V30-40) show greater glacial CaCO 3 fluxes. RC13-189 and RC16-66 in the west both show lower CaCO 3 fluxes during the peak glacial period (18 -20 ka) than the Holocene, but both cores also show much higher fluxes near 25 ka. As many of our cores are near or below the present-day lysocline, however, it is important that these records be interpreted with caution.
[42] Increased silicic acid availability might be expected to have the largest impact on diatom productivity (and therefore also on coccolithophorid productivity) in areas rich in other nutrients [Dugdale and Wilkerson, 2001] , namely the upwelling zone in the eastern equatorial Atlantic. While records of CaCO 3 accumulation and productivity in the eastern part of the basin do not consistently show a glacial decrease in CaCO 3 productivity, some do show such a trend, and most records in the western Atlantic also indicate decreased glacial CaCO 3 production. Given the different methods used to estimate carbonate-based productivity and the possibility that CaCO 3 mass accumulation rates have been significantly altered by dissolution, it is extremely difficult to assess quantitatively the impact that increased diatom productivity may have had on coccolithophorid productivity (and therefore atmospheric CO 2 ) during the glacial period. Despite this, existing CaCO 3 data are consistent with the SALH in that most records show decreased equatorial Atlantic CaCO 3 accumulation during the glacial period. This allows for the possibility that a glacial increase in dissolved Si availability stimulated diatom growth, thereby inhibiting coccolithophorid productivity and lowering atmospheric CO 2 .
Implications for Ocean Circulation and Nutrient Cycles
[43] The SALH predicts increased glacial equatorial diatom productivity due to increased supply of silicic acid from the Southern Ocean to equatorial upwelling regimes. Results from this study support the SALH in that they show greater glacial equatorial Atlantic opal fluxes. When taking into account opal burial data from both the equatorial Pacific and Atlantic Oceans, however, the case for the SALH becomes more complicated. Previous studies have shown that opal burial in the EEP during the LGM was less than in the Holocene [Bradtmiller et al., 2006; Kienast et al., 2006b] , the opposite of the Atlantic results presented here. In the following paragraphs, we compare the magnitude of changes in the equatorial Atlantic and Pacific opal budgets, and describe four nonexclusive scenarios to account for these observations.
[44] To assess the relative magnitudes of these changes, we compared opal flux during the Holocene and glacial periods in the equatorial Atlantic and Pacific Oceans. Using averaged glacial (18 -28 ka) and Holocene (0 -10 ka) opal fluxes and an area defined by 5°N-5°S and 0°-40°W, we calculated an equatorial Atlantic glacial flux of 3.3 Gt opal/ka, a Holocene flux of 1.5 Gt opal/ka, and a difference of 1.8 Gt opal/ka. When a similar calculation was performed in the Pacific Ocean (from 80°W to 145°E), the Holocene flux (10.9 Gt opal/ka) exceeded the glacial flux (8.1 Gt opal/ka) by 2.8 Gt opal/ka [Bradtmiller et al., 2006] . When a box of equal size to that used in the Atlantic (40°longitude wide) was applied to the eastern equatorial Pacific (the region of greatest productivity), Holocene fluxes (6.7 Gt opal/ka) exceeded glacial fluxes (4.9 Gt opal/ka) by 1.8 Gt opal/ka. While these results are clearly only first-order constraints of the actual silicon budget, they illustrate that the net glacial decrease in opal burial in the equatorial Pacific is of roughly equal magnitude to the net glacial increase in the Atlantic.
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[45] Perhaps the simplest explanation for the observed changes in equatorial opal burial is a change in the rate of upwelling in each basin during the LGM. That is, productivity of all phytoplankton taxa may have been greater in the equatorial Atlantic Ocean, and less in the equatorial Pacific Ocean, during the LGM because of regional influences on upwelling and/or the depth of the nutricline that had no connection to Si leakage from the Southern Ocean. Studies of the glacial equatorial Atlantic show evidence of increased rates of upwelling due to more vigorous glacial trade winds [CLIMAP, 1976; Kienast et al., 2006a] , and F. Profunda data suggest that the nutricline was shallower because of increased upwelling during the glacial [Molfino and McIntyre, 1990; McIntyre and Molfino, 1996; Henriksson, 2000] . Increased upwelling would have increased the total nutrient supply, and therefore overall productivity (not just productivity of one taxa) in the Atlantic. This is consistent with the observed LGM increase in opal burial, and also with the fact that most studies do not show a consistent pattern of decreased glacial coccolithophorid productivity. Conversely, the thermocline in the glacial eastern equatorial Pacific may have been deeper because of El Niño-like conditions there [Beaufort et al., 2001; Koutavas et al., 2002; Bradtmiller et al., 2006] . Evidence for a decreased N-S temperature gradient [Koutavas et al., 2002] and for decreased productivity in the EEP during the LGM [Beaufort et al., 2001; Loubere et al., 2004; Bradtmiller et al., 2006; Kienast et al., 2006b] suggests that upwelling was likely reduced at that time. If so, then this would have decreased nutrient supply to the Pacific surface ocean, suppressing productivity and resulting in lower glacial opal accumulation.
[46] A second possibility is that dissolved Si leaked from the SO because of Fe fertilization as originally predicted by the SALH (see section 2), but other factors also influenced significantly the pattern of opal burial in sediments underlying equatorial upwelling regimes. The SALH requires Fe to lower the Si:N uptake ratio of diatoms, making more Si available for export. If Fe were evenly distributed throughout the entire SO, then dissolved Si may have leaked from all basins, but it may also have been prevented from upwelling in the EEP because of El Niño -like conditions described above, resulting in increased Atlantic and decreased Pacific glacial equatorial opal burial. However, there is some evidence that increased glacial Fe fluxes may not have been evenly distributed throughout the SO. Specifically, the Atlantic sector of the SO, because of its proximity to Patagonia and the prevailing wind patterns, may have received more Fe during the LGM than the Pacific sector did [Chase et al., 2003] . In this case, more dissolved Si would have leaked out of the Atlantic sector of the SO than the Pacific sector, leading to increased glacial opal burial in the equatorial Atlantic. In the Pacific, any dissolved Si that did escape the SO would still have been prevented from upwelling in the EEP by El Niño -like conditions, leading to decreased opal burial there.
[47] A third possibility, representing a variant of the SALH, is that excess dissolved Si leaked from the SO because increased sea ice extent during the LGM limited diatom productivity south of the APF [Charles et al., 1991; Chase et al., 2003 ] (see section 2 and Figure 4 ). This scenario suggests that some of the dissolved Si that upwelled south of the APF could have been transported across the APF and incorporated into intermediate waters before it was consumed by diatoms [see Chase et al., 2003, Figure 12] . Alternatively, even if all of the dissolved Si transported northward across the APF were consumed by [48] A fourth scenario relies on changes in circulation in the glacial ocean. Water masses upwelling in the equatorial Atlantic and Pacific basins have distinct sources, and it is possible that circulation patterns in the SO produce greater dissolved Si concentrations in Atlantic or Pacific source waters under certain conditions. Southern source water upwelling in the equatorial Pacific originates for the most part in the Pacific sector of the SO, as discussed in section 2 [Toggweiler et al., 1991; Dugdale et al., 2002; Matsumoto et al., 2002] . Southern source water in the equatorial Atlantic, however, mostly originates from the Indian sector of the SO. Stramma and Schott [1999] identify South Atlantic Central Water (SACW) as having two sources: one from the subtropical South Atlantic and a denser variety from the South Atlantic and South Indian Oceans. This water is transported through Agulhas retroflection rings into the Benguela Current, the North Brazil Current, and eventually the eastward flowing EUC. The EUC then loses water to the surface layer through upwelling [Stramma and Schott, 1999] . This description is consistent with more recent modeling studies, which indicate that of water reaching or crossing the equator from south to north, 1 Sv was subducted in the South Atlantic, while 3.9 Sv were subducted in the Indian sector of the SO and reached the equatorial Atlantic through the Agulhas Current and the eddies that it sheds into the Atlantic Ocean [Drijfhout et al., 2005] .
[49] Several studies of the Southeast Atlantic have concluded that the supply of Agulhas water to the Atlantic was reduced substantially during glacial times [Flores et al., 1999; Kuhn and Diekmann, 2002; Peeters et al., 2004; Franzese et al., 2006] . Furthermore, as the Agulhas system and the Drake Passage are the two primary avenues for return flow to the North Atlantic [Gordon et al., 1992] , the glacial reduction in supply of Agulhas water may have been compensated for by increased supply via the Drake Passage. If the Agulhas slowdown indeed resulted in increased input of Drake Passage water to the equatorial Atlantic, and if this water had greater dissolved Si concentrations than today, then the supply of Si to the equatorial Atlantic would have increased (again coupled with decreased upwelling suppressing dissolved Si in the equatorial Pacific). Alternatively, increased Drake Passage input to the Atlantic thermocline could have actively reduced the supply of dissolved Si to the Pacific thermocline, resulting in the observed opposite trends of opal burial in the eastern equatorial Pacific and equatorial Atlantic Oceans. Without more complete knowledge of the circulation and nutrient distributions of the glacial Southern Ocean, we cannot accurately predict how Si supply to equatorial Atlantic upwelling regions would have responded to such a change in source waters, and this scenario is highly speculative. However, it would be interesting to explore the effects of shutting down the Agulhas input to the Atlantic Ocean using an ocean GCM with well-resolved nutrient cycles.
[50] It is worth noting that these scenarios are not mutually exclusive. Dissolved Si could have leaked from the SO because of increased sea ice extent, and then been affected by Fe fertilization in the Subantarctic. This could have been compounded by a change in source waters due to decreased Agulhas input to the South Atlantic. Any or all of these scenarios would almost certainly have been affected by the changes in upwelling in the equatorial regions as described above. These results illustrate both the complicated nature of the ocean silicon cycle, and the need for more multiproxy studies on this topic in order to narrow down the list of possible explanations for the observed patterns of glacial equatorial opal burial.
[51] Finally, a feature common to opal records in the equatorial Pacific [Bradtmiller et al., 2006] and Atlantic Oceans (this study) is the presence of a peak in opal burial centered around 15 ka in most cores. This is a time period associated with large changes in ocean circulation as shown by a variety of paleocirculation proxies [e.g., McManus et al., 2004; Piotrowski et al., 2005] . The fact that both major ocean basins show this deglacial signal suggests that the driver for ocean reorganization lies in the Southern Ocean. This builds upon previous work that suggests the Southern Ocean as the driver behind deglaciation and the resumption of the Atlantic thermohaline circulation [Knorr and Lohmann, 2003] . Of specific interest to this study is the fact that the tropical foraminifer G. menardii was reseeded in the Atlantic Ocean during the last deglaciation [Schott, 1935] . The only mechanism to accomplish this is by transporting organisms around the Cape of Good Hope, which again suggests that changes in the Agulhas current and retroflection may have also played an important role in the deglacial ocean reorganization [Knorr and Lohmann, 2003 ].
Conclusions
[52] Opal flux data from this study are consistent with the predictions of the SALH, but could also be explained by other interpretations. Glacial opal fluxes in the equatorial Atlantic exceed Holocene fluxes in all cores studied. Downcore records of 231 Pa/ 230 Th ratios are highly correlated with downcore opal fluxes in most of the cores studied, which suggests that the opal records reflect primarily production by diatoms, and not dissolution. Previous studies in the eastern equatorial Pacific Ocean showed temporal patterns of opal flux opposite to those observed here in the Atlantic, with glacial opal fluxes systematically lower than during the Holocene. In the context of those results, we have suggested four plausible scenarios to explain the data from both basins. First, increased Atlantic and decreased Pacific equa-torial upwelling could have changed overall nutrient supply to both basins, resulting in the observed trends in opal burial. Second, it is possible that dissolved Si leaked from the SO as predicted by the SALH, but that greater Fe availability in the Atlantic sector allowed greater dissolved Si export, while the dissolved Si transported to the equatorial Pacific was prevented from upwelling by El Niño -like conditions. Third, increased sea ice extent may have allowed dissolved Si upwelled in the SO to cross the APF into the Subantarctic zone unused, perhaps preferentially in the Atlantic, allowing it to be incorporated into intermediate waters that served as a source for tropical upwelling regimes (and were again suppressed in the equatorial Pacific). Finally, since the input of the Agulhas current system into the glacial Atlantic was less than today, we suggest that this altered circulation may have resulted in a nutrient distribution favoring export of dissolved Si to the Atlantic over the Pacific. These four scenarios are not mutually exclusive, and may have operated in concert. While the Atlantic and Pacific Oceans appear to behave oppositely to one another with respect to silicic acid during the glacial and Holocene periods, both basins exhibit a peak in opal burial centered at the deglaciation (15 ka). All four proposed glacial scenarios, along with the deglacial signal suggest a common driver of these changes in the Southern Ocean, which is the only system with the potential to affect the nutrient distributions of both basins simultaneously.
[53] Our findings illustrate the need for a multiproxy approach to test hypotheses like the SALH. Despite using four (opal, carbonate and detrital fluxes, as well as 231 Pa/ 230 Th ratios) proxies here, we are unable to rule out any of a number of possible explanations for the data. A complementary approach would be to use biomarkers as a way to reconstruct diatom/coccolithophorid ratios through time. While biomarkers are not completely straightforward themselves, they would eliminate uncertainty related to (1) the variable preservation of CaCO 3 through time and (2) changes in total nutrient supply related to the strength of upwelling. We suggest that a study of biomarkers covering similar spatial and temporal scales to this study would be a unique and useful contribution to the paleoclimate community.
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